Controversies remain over caspofungin dosage adjustments in cirrhosis, particularly Child-Pugh (CP) B or C. The product information for of caspofungin recommends a maintenance dose reduction from 50 to 35 mg for patients with CP-B cirrhosis.
Introduction
Invasive fungal disease (IFD), particularly invasive candidiasis, poses a serious health problem for patients with advanced liver disease, due to the patients' immunocompromised state and their requirement for large doses of broad-spectrum antibiotics, as well as the invasive procedures and intensive care management involved. 1, 2 Caspofungin is one of the three echinocandins that are the preferred therapeutic option for IFD. 3 Recently, we demonstrated that the recommended dose reduction in non-cirrhotic critically ill patients, with a Child-Pugh (CP) score of B (mainly driven by hypoalbuminaemia), may lead to suboptimal exposure, suggesting that the effect of CP-B on caspofungin pharmacokinetics (PK) is less pronounced than previously thought. 4 This suboptimal exposure leaves patients at risk of treatment failure. 5 A study in a small population of eight cirrhotic subjects suggested a reduction of 50% in clearance of caspofungin in patients with moderate hepatic impairment (CP-B), justifying the dose reduction declared in the product information. Currently, we do not have PK data for caspofungin in patients with severe hepatic dysfunction (CP-C). 6 We performed a pooled PK analysis in a large cohort of cirrhotic (CP-B and CP-C) as well as non-cirrhotic critically ill patients (with hypoalbuminaemia resulting in artificial CP-B) to quantify the impact of cirrhosis and the severity of hepatic impairment on the PK of caspofungin to ultimately prevent subtherapeutic exposure to caspofungin.
Patients and methods

Patients
In the first study, we prospectively recruited 20 cirrhotic patients [10 with moderate hepatic impairment CP-B (7 and 9) and 10 with severe hepatic impairment CP-C (10)] admitted with an acute decompensation without IFD to our Liver Unit over a period of 1 year (EudraCT number: 2013-002079-16). The diagnosis of cirrhosis was established by biopsy or based on a clear combination of clinical, radiological and biochemical criteria. These patients all received a single 70 mg dose of caspofungin as a 1 h intravenous infusion. Blood samples were collected before and at 1, 2, 4, 8, 12, 24, 48, 72 and 96 h after infusion. The second study consisted of 21 non-cirrhotic ICU patients with hypoalbuminaemia. This cohort and its PK sampling have been described in detail previously. 4, 7 Briefly stated, all ICU patients with suspected or proven IFD received caspofungin at licensed dosages and underwent intensive PK sampling on multiple occasions together with measurements of daily trough concentrations. Plasma concentrations of caspofungin were determined using validated HPLC with fluorescence detection. 8 
Ethics
The protocol was approved by the local ethics committee and written informed consent was obtained from all participants.
PK analysis
This was performed with non-linear mixed-effects modelling using the software package NONMEM version 7.3, with Piraña as an interface for Perl Speaks Nonmem and R statistics. 9 Throughout the analysis, the first-order conditional estimation with interaction method was used. The 95% CI and relative standard errors of estimates (%RSE) of all parameter estimates were calculated with sampling importance resampling. 10 A previously developed model for caspofungin in critically ill patients was used as a starting point of our analysis. 4 PK parameters were allometrically scaled to total body weight and all parameters were scaled to a typical individual with a total body weight of 70 kg, as proposed recently. 11 Presence of cirrhosis as well as the severity of hepatic impairment (CP-B versus CP-C) were tested as binary covariates on clearance with a 5% significance level. An a posteriori power analysis was performed with the base model without covariates, by means of stochastic simulation and estimation (n " 500 replicates of our pooled data set), to establish the power to detect 25% change in clearance at a significance level of 5%. With the final PK model a Monte Carlo simulation (n " 1000) was performed to investigate the impact of a maintenance dose (after a loading dose of 70 mg) reduction from 50 to 35 mg on the steady-state area under the 24 h concentration-time curve (AUC 24 ) as recommended in the caspofungin product information for a CP-B score for a typical individual of 70 kg in the presence and absence of found covariates.
Results
The characteristics of the two cohorts are summarized in Table 1 . There were 31 patients with CP-B [both cirrhotic (n " 10) and noncirrhotic (n " 21)] who were compared with 10 cirrhotic patients with CP-C.
A two-compartment structural model described our data well and the results are shown in Table S1 and Figures S1 and S2 (available as Supplementary data at JAC Online). The power analysis showed that, in our analysis, we had a power of 96.8% and 91.2% to detect a 25% change in clearance due to cirrhosis and severe hepatic impairment, respectively. Clearance of caspofungin in non-cirrhotic patients was 0.52 L/h (95% CI: 0.45-0.59 L/h) and this was found to decrease marginally by 20.8% in cirrhotic patients (95% CI: 9%-32.6%) (P , 0.005). The severity of hepatic dysfunction (21 non-cirrhotic misclassified CP-B patients combined with 10 cirrhotic CP-B patients versus 10 cirrhotic CP-C patients) did not explain the variability in caspofungin clearance. Moreover, the absence of any effect of the severity of hepatic dysfunction is confirmed by a further analysis where clearance was independently investigated in all three groups (non-cirrhotic patients, cirrhotic CP-B patients and CP-C patients). The estimated relative clearances were 100%, 79.7% and 78.8% for non-cirrhotic misclassified CP-B patients, for cirrhotic CP-B patients and for cirrhotic CP-C patients, respectively, with no significant difference between the latter two groups. Figure 1 shows the steady-state AUC 0-24 of the Monte Carlo simulation for administration of 50 or 35 mg of caspofungin in presence or absence of cirrhosis for a typical 70 kg person. As observed, dose reduction to 35 mg in cirrhotic patients, compliant with the drug product information, resulted in lower drug Gustot et al.
exposure than in the approved dose in non-cirrhotic patients or healthy volunteers.
Discussion
To our knowledge, this is the first study to provide caspofungin PK data for CP-C cirrhotic patients. Our findings show that cirrhosis had only a limited impact on clearance of caspofungin, as observed by the reduction of 20.8% (P , 0.005). Moreover, we observed that CP-C does not further decrease clearance of caspofungin compared with CP-B. As further reduction in clearance is likely with worse hepatic function, we postulate that, considering the high power of our analysis to detect a clinically relevant effect, this effect will be small. The impact of cirrhosis is far less pronounced compared with the initial PK study where a 1.8-fold increase in caspofungin AUC was observed in eight patients with CP-B cirrhosis when compared with healthy volunteers. 6 This discrepancy might be explained by differences in the design of the PK studies. Our study included a larger number of cirrhotic patients (n " 20). Moreover, we provide PK data of caspofungin of cirrhotic patients in acute decompensation requiring hospitalization, which mimics the clinical context of IFD in cirrhosis. In contrast, Mistry et al. 6 performed their PK study in patients with stable cirrhosis for at least 2 months without any decompensation episode. On the other hand, the lack of a healthy control group is a limitation of our study. Other case reports also suggested that the recommended dose reduction of caspofungin in decompensated cirrhotic patients resulted in low exposure and, therefore, the approved dosing regimen should be reconsidered. 12, 13 Caspofungin is extensively bound to albumin. 14, 15 Hypoalbuminaemia might lead to changes in caspofungin free fraction. Reducing the dose of caspofungin in non-cirrhotic patients misclassified as CP-B due to isolated hypoalbuminaemia results in significantly lower exposure. 4 Hypoalbuminaemia is a part of the liver dysfunction observed in cirrhosis. In our cohort of cirrhotic patients, we cannot dissociate the impact of hypoalbuminaemia from the other sources of impaired hepatic function.
We believe that reducing the dose of caspofungin in cirrhotic patients with moderate (CP-B) and severe hepatic impairment (CP-C) results in an unwanted decrease in exposure. As the efficacy of caspofungin is best described by the AUC 24 to MIC ratio, reduced exposure may lead to suboptimal clinical outcomes. Specifically in the setting of emerging echinocandin resistance all efforts must be taken to optimize dosing to maximize therapeutic efficacy. We do not recommend dose reduction for caspofungin regardless of the presence and severity of hepatic failure in order to ensure optimal treatment.
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